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Secondary metabolitesIn the present work, the phytotoxic effects of secondary metabolites extracted from ﬁve lichen species (Cladonia
arbuscula var.mitis, Cladonia furcata,Hypogymnia physodes, Evernia prunastri and Ramalina farinacea) on cultures
of the aposymbiotically grown lichen photobiont Trebouxia erici were evaluated. Toxicity of single secondary
metabolites, as well as their naturally occurred mixtures in the lichens was tested at the two selected doses,
0.1 mg/disk and 0.01 mg/disk. Application of all tested metabolites decreased the growth of photobiont cells in
a dose dependentmanner. However, based on selected physiological parameters, e.g. composition of assimilation
pigments, ﬂuorescence of chlorophyll a, content of soluble proteins, production of TBARS and ROS, differential
phytotoxicity of tested compounds and their mixtures was conﬁrmed. It appears that most of the secondaryme-
tabolites tested in the present studymay be functioning as allelochemicals which are controlling the cell division
of the algal partner inside the thallus. The allelochemicalsmay play a key role inmaintaining the balance between
the symbionts forming the lichen thallus.
© 2014 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Lichens are symbiotic organisms consisting of a fungus (mycobiont)
and photosynthetic partner (photobiont), which can be either algae or
cyanobacteria. They are the dominant component of vegetation in ap-
proximately 8% of terrestrial ecosystems and are able to survive in envi-
ronments subject to extremes of temperature, desiccation and nutrient
status (Ahmadijan, 1993).
Ecological success of symbioses forming lichens may be, in part, ex-
plained by production of organic compounds called secondary metabo-
lites. Lichen secondary metabolites are produced by the fungal partner
and their presence is mostly restricted to the lichens themselves
(Fahselt, 1994; Hauck et al., 2009). Lichen secondarymetabolites (most-
ly depsides and depsidones) are deposited on the surface of hyphae, as
well as lichen algae, and typically constituting 0.1% to 5.0% (w/w) of
thallus dry weight (Fahselt, 1994). Thus far, more than 1000 secondary
metabolites are known to occur in lichens, but only approximately 7% of
themhave also been discovered in other organisms, for example in non-ght;MDA,malondialdehyde; PS
S, thiobarbituric acid reactive
421 55 6337353.
ghts reserved.lichenized fungi or even in higher plants (Bačkor et al., 2013; Beckett
and Minibayeva, 2013; Hauck et al., 2009).
Secondary metabolites of lichens are considered to have important
biological and ecological roles. The roles thus far conﬁrmed experimen-
tally include mostly antimicrobial activity, allelopathy, antiherbivory,
chelating of heavy metals and light screening (Bačkor et al., 2013;
Hauck et al., 2009; Latkowska et al., 2006; Lawrey, 1986; Pöykkö et al.,
2005; Solhaug et al., 2009).
Some secondary metabolites of lichens appear to have allelopathic
effects on vascular plants (Cardarelli et al., 1997; Lechowski et al.,
2006) as well as on the algal partner of lichens (Bačkor et al., 2010,
2013). However, the mechanisms of the phytotoxic effects of these
compounds on plants, including its own algal partner in the lichen thalli
are still not understood sufﬁciently. It is mainly due to the limited num-
ber of chemically deﬁnedmetabolites tested. Of all the lichen secondary
metabolites that have been discovered to date, phytotoxic effects to li-
chen photobionts have thus far only been conﬁrmed after application
of usnic acid and atranorin. Mechanisms of phytotoxicity include
growth inhibition, inhibition of chlorophyll a ﬂuorescence (FV/FM), de-
crease of plant viability and induction of oxidative stress in the plant
cells (Bačkor et al., 2010; Cardarelli et al., 1997; Endo et al., 1998; Han
et al., 2004).
The aim of present work is to study the inﬂuence of 5 extracts from
the selected lichen species (Cladonia arbuscula var. mitis, Cladonia
87V. Lokajová et al. / South African Journal of Botany 93 (2014) 86–91furcata, Hypogymnia physodes, Evernia prunastri, Ramalina farinacea)
on ecophysiological parameters of aposymbiotically grown lichen
photobiont Trebouxia erici. All selected lichens used in this study are of
worldwide distribution; Cladonia furcata, Hypogymnia physodes and
Ramalina farinacea are important members of the lichen ﬂora of South
Africa. The lichen photobionts are in direct contact with cortical metab-
olites produced by mycobiont and secondary metabolites may act as
allelochemicals, which are also in part responsible for maintaining of
balance between bionts inside of lichen thallus. Although photobionts
must protect themselves from the toxicity of these compounds, we
found in our previous studies (Bačkor et al., 2010, 2013) that lichen
secondary metabolites are differentially phytotoxic to the lichen algal
partner—photobiont. We hypothesized that lichen photobionts evolved
protective mechanisms against phytotoxicity of individual secondary
metabolites, as well as naturally occurring mixtures of secondary
metabolites in their thalli through hundreds of millions of years of co-
evolution with lichenmycobionts. To test this hypothesis, we evaluated
the potential phytotoxic effect of individual secondary metabolites and
their mixtures on aposymbiotically grown lichen photobiont Trebouxia
erici using assessment of selected physiological and biochemical
parameters.2. Materials and methods
2.1. Lichen material, extraction of extracellular secondary metabolites and
their identiﬁcation
In the present study, extracellular secondary metabolites from ﬁve
selected lichen specieswere used: Cladonia arbuscula var.mitis, Cladonia
furcata, Hypogymnia physodes, Evernia prunastri and Ramalina farinacea.
Lichens Cladonia arbuscula subsp.mitis (Sandst.) Ruoss and Cladonia
furcata (Hudson) Schrader were collected randomly during October
2012 from the soil surface in the locality Špania Dolina (48°49′N,
19°08′E), central Slovakia, 730 m a.s.l. Lichen Hypogymnia physodes
(L.) Nyl. was collected at the same time and locality, from the bark of
Picea abies (L.) Karst. trees, at a height of 1 to 2m above ground. Lichens
Evernia prunastri (L.) Ach. and Ramalina farinacea (L.) Ach. were collect-
ed randomly during September 2012 from the bark of Quercus sp. trees,
at a height of 1 to 2 m above ground in the locality Košice-Bankov
(48°44′42N, 21°12′28 E), eastern Slovakia, 410m a.s.l. Macroscopic for-
eignmaterial adhering to lichen surfaceswas removedwith forceps. Ex-
tractions of secondary metabolites were conducted within 2 weeks
after lichen collection.
Cleaned and air-dried lichen samples (approximately 5 g of dry
weight) were extracted in cool acetone (150 ml) for 5 min. The extrac-
tion was repeated at least three times. Acetone extracts were collected,
evaporated and the residueswere dissolvedwith fresh acetone. Acetone
extractswere analyzed using thin layer chromatography (TLC) and high
performance liquid chromatography (HPLC). A standardized TLC meth-
od for identiﬁcation of lichen products (Orange et al., 2001) was used.
Acetone extracts were applied on the pre-coated thin-layer plates of
Merck silica gel 60F-254. Three solvent systems (A, B, C) were used
and lichen compounds were visualized by spraying with 10% sulfuric
acid and heating for 30 min at 110 °C.
Filtered acetone extracts were also analyzed by gradient HPLC
(Pöykkö et al., 2005) under the following conditions: column Tessek
SGX C18, ﬂow rate 0.7 ml × min−1. Mobile phase:A = H2O:acetoni-
trile:H3PO4 (80:19:1) and B = 95% acetonitrile. Gradient program:
0 min 25% B, 5 min 50% B, 20 min 100% B, 25 min 25% B. Detection
was performed at the wavelength of 245 nm (detector Ecom LCD
2084). Usnic acid (Aldrich) was used as a standard. Standards of
fumarprotocetraric acid, atranorin, protocetraric acid, physodalic acid,
physodic acid and evernic acid were prepared from crystallized acetone
extracts from lichens, prior to analyses. Each analysis was replicated
three times.2.2. Organisms and culture conditions
Aposymbiotically grown lichen photobiont Trebouxia ericiAhmadjian
(UTEX 911) was used in the present study. This species belong to
Chlorophyta, a division of green algae. Algae were cultivated on agar
medium (1.5%) previously developed for cultivation of lichen algae by
Ahmadijan (1993). This was Bold's Basal Medium (BBM 3 N) plus 10 g
casein acid hydrolysate and 20 g glucose per liter with the pH adjusted
to 6.5 (Bačkor et al., 2010). Cultures were maintained at 22 °C under a
16-h photoperiod and 30 μmol m−2 s−1 artiﬁcial irradiance (“cool
white” tubes).
2.3. Allelopathic assay
Photobionts were cultivated on the surface of Whatman CF/C ﬁlters
(glass ﬁber ﬁlter disks, 25 mm in diameter). Glass ﬁber ﬁlter disks may
be directly used for disruption of algal cells grown on their surfaces in
the mortar (Bačkor et al., 2010). Crystals of lichen secondary metabo-
lites on the surface of ﬁbers of the disk are reminiscent of the situa-
tion in natural lichens, where extracellular secondary metabolites
located on the surface of hyphae are in the contact with algal cells in
the photobiont layer. Brieﬂy, cells from Trebouxia erici (approximately
two inoculation loops) grown on stock solid Trebouxia medium were
transferred into 50 ml of liquid Trebouxia media in an Erlenmeyer
ﬂask. Cells were suspended by gentle stirring on a magnetic stirrer
for 1 h. Cultures were maintained for the week in a cultivation room
under conditions described previously, with daily stirring on magnetic
stirrer for about 1 h. The homogeneity of algal suspension was veriﬁed
microscopically and the number of cells calculated using a standard he-
mocytometer. Cell density of cultures was adjusted to approximately
106 cellsml−1 ofmediumbefore quantitative cultivation of photobionts.
For cultivation of Trebouxia erici, sterilized 25 mm (in diameter)
Whatman CF/C ﬁlters were subjected to three different pretreatments.
Isolated secondarymetabolites, aswell as their naturally occurringmix-
tures in lichens, ﬁnal content 0.01 and 0.1 mg/disk, were dissolved in
acetone (volume 50 μl) and applied by automatic pipette on the surface
of disks. The same volume of pure acetone was used for control disks.
After evaporation of acetone for 4 h, 4 disks were transferred to the
surface of solid Trebouxia medium (1.5%) in a separate Petri dish,
10 cm in diameter. Finally, 30 μl of algal suspension was inoculated
into the centre of each disk. Disk pores allowed supplemental nutrient
media to pass through the disk and permit growth to be easily deter-
mined from changes in biomass (Bačkor et al., 2010). The total mass of
cultures was calculated by subtracting the mean fresh weight (fw) of a
Whatman CF/C disk saturated by identical medium, from the fw of a
disk supporting algal cultures after 14 days of cultivation. Each treat-
ment was replicated eighteen times.
2.4. Pigment analysis and measurement of chlorophyll a integrity
WeighedWhatman CF/C disks with grown photobiont cells were di-
rectly extracted in the dark for 1 h at 65 °C in 5ml of dimethyl sulfoxide
(DMSO). To maximize chlorophyll extraction, cell aggregates were ho-
mogenized using mortar; glass ﬁbers of disks facilitated disruption of
cell walls of algae. After cooling to ambient temperature, the absorbance
of the extract, as a reﬂection of turbidity, was determined at 750 nm
with a spectrophotometer to be certain that it was always less than
0.01. The absorbance of extracts was then read at 665, 649, 435 and
415 nm to assess chlorophyll content and the possibility of chlorophyll
a degradation (Barnes et al., 1992;Wellburn, 1994). To utilize the linear
portion of the response curve, extracts from disks with very high cell
densities (absorbance at 665 nm higher than 0.8) were diluted with
fresh DMSO to fall into the absorbance range 0.2–0.8. To determine
the content of “total” carotenoids, absorbancewas read at 480 nm. Chlo-
rophyll a, chlorophyll b, chlorophyll a + b and total carotenoids were
calculated using equations derived from speciﬁc absorption coefﬁcients
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used to assess the physiological competence of algal cells.
The ratios of absorbances at 435 and 415 nm, termed the
phaeophytinization quotient, were calculated as a reﬂection of the
ratio of chlorophyll a to phaeophytin a and provide an indication of in-
tegrity of photobiont chlorophyll a. Each treatmentwas replicated three
times.
2.5. Activity of photosystem II
Chlorophyll a ﬂuorescence was measured in algae grown on
Whatman CF/C disks on the surface of Trebouxia agar medium. While
still on the surface of the medium in Petri dishes to minimize desic-
cation, algae were dark-adapted for 20 min prior to measurement.
Chlorophyll a ﬂuorescence was measured using a hand-held ﬂuorome-
ter AquaPen-P AP-P 100 (Photon Systems Instruments, Brno, Czech
Republic) and results were expressed as FV/FM. Three replicates were
used. Chlorophyll ﬂuorescence parameters were taken from three sepa-
rate positions on each disk, and themean value used as one observation.
Each treatment was replicated three times.
2.6. Content of soluble proteins
Algae grown onWhatman CF/C disks were homogenized with disks
in an ice-cold mortar in phosphate buffer (50mM). After centrifugation
at 15000 g at 4 °C for 20 min, the water-soluble protein content of
supernatants was measured using the methods of Bradford (1976).
Supernatants (100 μl) were pipetted into 900 μl of Bradford assay kit
(Bio-Rad) in spectrophotometric cuvette and mixed. After 10 min, ab-
sorbance of samples was spectrophotometrically measured at 595 nm.
Bovine serumalbuminwas used as calibration standard. Each treatment
was replicated three times.
2.7. Detection of oxidative status
Hydrogen peroxide and superoxideweremeasured in homogenates
with potassium phosphate buffer prepared for assay of determination
of soluble proteins. Hydrogen peroxide was quantiﬁed by the TiCl4
method (Kováčik and Bačkor, 2007). Superoxidewas estimated accord-
ing to Elstner and Heupel (1976) by monitoring formation of nitrite
from hydroxylamine at 530 nm. Reaction mixture contained 0.27 ml
of potassium phosphate buffer, 0.03 ml of 10 mM hydroxylamine,
0.3 ml of supernatant, 0.3 ml of 17 mM sulfanilamide, 0.3 ml of 7 mM
α-naphthylamine and 0.3 ml of diethyl ether. Each treatment was rep-
licated three times.
2.8. Thiobarbituric acid reactive substances determination
Membrane lipid peroxidation state in lichens was estimated using
thiobarbituric acid reactive substances assay (TBARS) as described by
Bačkor et al. (2009).
Algae grown onWhatman CF/C disks were homogenized with disks
in a mortar using ice-cold 10% (w/v) trichloroacetic acid (TCA). TheTable 1
Content of secondary metabolites in selected lichens (% dw).
Lichen UA A + CHA FPCA
C. arbuscula var.mitis 2.34 – –
C. furcata – – 0.42
H. physodes – 0.35 –
E. prunastri 0.31 0.88 –
R. farinacea 0.27 – –
UA—usnic acid, A + CHA—atranorin + chloroatranorin, FPCA—fumarprotocetraric acid, PC—pr
of total secondary metabolites.homogenate (2 ml ﬁnal volume) was centrifuged at 10,000 g for
10min. The supernatant (1ml) was added to 1ml of 0.6% thiobarbituric
acid (TBA) in 10% TCA. After treatment of samples at 98 °C for 25 min
and immediate cooling in an ice bath, the mixture was again centri-
fuged at 10,000 g for 10 min. Absorbance of the supernatant was
measured at 532 nm (extinction coefﬁcient for MDA-TBA complex
155 mM−1 cm−1) and corrected for non-speciﬁc absorption at
600 nm. Three replicates were used for each variant of experiment.
2.9. Statistical analysis
The one-way analysis of variance and Tukey's pairwise comparisons
(MINITAB Release 11, 1996) were applied to determine the signiﬁcance
(P b 0.05) of differences in all measured parameters.
3. Results
3.1. Secondary metabolites of lichens
Using HPLC and TLC analyses, the presence of seven typical extracel-
lular lichen secondary metabolites was conﬁrmed (Table 1). In the li-
chen Cladonia arbuscula var. mitis, only the presence of one secondary
compound, usnic acid (2.34% dw), was conﬁrmed. Similarly, the lichen
Cladonia furcata, was found only to contain fumarprotocetraric acid
(0.42% dw). The lichen Hypogymnia physodes contained a mixture of
four lichen secondary metabolites (sum 4.13%) and lichen Evernia
prunastri contained mixture of three secondary metabolites (sum
4.87% dw). Atranorin and chloroatranorin were analyzed as one sub-
stance. The lichen Ramalina farinacea contained two secondarymetabo-
lites (sum 1.9% dw).
3.2. Allelopathic effects of secondary metabolites on Trebouxia erici cells
The presence of secondary metabolites caused a differential, dose
dependent decrease of photobiont growth (Table 2). At the tested
dose of 0.1 mg/disk, mixtures of secondary metabolites in the lichens
Hypogymnia physodes and Evernia prunastri caused the highest decrease
of photobiont biomass production. Decrease of photobiont biomass pro-
duction was also statistically signiﬁcant in the cases of application of
0.1 mg/disk usnic acid, mixture of usnic acid and protocetraric acid, or
0.1 mg/disk fumarprotocetraric acid. Application of these metabolites,
or their mixtures at 0.01 mg/disk tested doses caused lower, however
still statistically signiﬁcant decrease of photobiont biomass production,
except application of fumarprotocetraric acid.
Chlorophyll a integrity in the photobiont cells was a relatively stable
parameter during the experiment (Table 2). After 2-week prolonged ex-
position of tested compounds, only the presence of mixtures of second-
ary metabolites isolated from lichen Evernia prunastri at tested dose
0.1 mg/disk caused signiﬁcant decrease of chlorophyll a integrity.
A signiﬁcant decrease in chlorophyll a/b ratio of the photobiont cells
was not observed during their 2-week prolonged cultivation on disks
coated by secondary compounds and theirmixtures (Table 2). However,
application of the highest tested doses of secondary metabolites fromPC PHL PHD EVER SUM
– – – – 2.34
– – – – 0.42
0.18 1.93 1.67 – 4.13
– – – 3.68 4.87
1.63 – – – 1.90
otocetraric acid, PHL—physodalic acid, PHD—physodic acid, EVER—evernic acid, SUM—sum
Table 2
Biomass production (mg dw/disk), chlorophyll a integrity, chlorophyll a/b ratio, chlorophyll a, b and a + b content (mg/g dw) of 2-week-old Trebouxia cultures cultivated on disks with
addition of lichen secondarymetabolites (SM) extracts (C—control, CM—Cladonia arbuscula var.mitis, CF—Cladonia furcata, HP—Hypogymnia physodes, EP—Evernia prunastri, RF—Ramalina
farinacea; 0.1 and 0.01 mg/disk).
SM SM (mg/disk) dw (mg/disk) Chl. a int. (435/415 nm) Chl. a/b Chl. a (mg/g dw) Chl. b cont. (mg/g dw) Chl. a + b (mg/g dw)
C 0 30.1 ± 3.19a 1.35 ± 0.06a 3.81 ± 0.29ab 2.44 ± 0.23a 0.64 ± 0.11ab 3.08 ± 0.34a
CM 0.1 9.28 ± 2.07de 1.35 ± 0.09a 3.91 ± 0.45ab 1.52 ± 0.29bc 0.38 ± 0.05bc 1.91 ± 0.33bc
0.01 19.1 ± 1.28c 1.36 ± 0.05a 3.37 ± 0.33ab 2.61 ± 0.23a 0.78 ± 0.16a 3.41 ± 0.39a
CF 0.1 22.8 ± 2.22b 1.39 ± 0.09a 3.63 ± 0.34ab 2.52 ± 0.54a 0.71 ± 0.22ab 3.23 ± 0.77a
0.01 28.9 ± 1.87ab 1.38 ± 0.03a 3.37 ± 0.63ab 2.47 ± 0.14a 0.74 ± 0.12a 3.22 ± 0.15a
HP 0.1 5.78 ± 0.68ef 1.32 ± 0.04a 4.49 ± 0.39a 1.21 ± 0.21c 0.27 ± 0.07 cd 1.49 ± 0.28c
0.01 12.4 ± 1.11d 1.34 ± 0.11a 2.95 ± 0.59b 1.87 ± 0.44ab 0.66 ± 0.26ab 2.53 ± 0.71ab
EP 0.1 2.87 ± 0.39f 1.09 ± 0.07b 4.04 ± 0.47ab 0.49 ± 0.08d 0.12 ± 0.01d 0.61 ± 0.09d
0.01 23.9 ± 0.73bc 1.28 ± 0.03ab 3.35 ± 0.58ab 2.08 ± 0.14ab 0.64 ± 0.16ab 2.72 ± 0.31ab
RF 0.1 18.2 ± 1.29c 1.45 ± 0.07a 4.01 ± 0.47ab 1.72 ± 0.21b 0.43 ± 0.08bc 2.16 ± 0.28b
0.01 23.9 ± 3.33bc 1.39 ± 0.02a 3.92 ± 0.52ab 2.78 ± 0.39a 0.71 ± 0.14a 3.51 ± 0.51a
Values in each vertical column followed by the same letter do not differ signiﬁcantly at P b 0.05 by Tukey's pairwise comparisons, n = 3.
89V. Lokajová et al. / South African Journal of Botany 93 (2014) 86–91lichens Cladonia arbuscula var. mitis, Hypogymnia physodes, Evernia
prunastri and Ramalina farinacea caused a statistically signiﬁcant de-
crease of chlorophyll a content (Table 2) and sum of chlorophyll a + b
(Table 2). Chlorophyll b content decreased statistically signiﬁcantly as
a result of application of the highest tested doses of secondary metabo-
lites fromHypogymnia physodes and Evernia prunastri (Table 2). Content
of the total carotenoids statistically signiﬁcantly decreased only as a re-
sult of 0.1 mg/disk application of secondary metabolites isolated from
lichen Evernia prunastri (Table 3). Ratio between carotenoids and total
chlorophyll contents was statistically signiﬁcantly increased (Table 3),
and chlorophyll a ﬂuorescence statistically signiﬁcantly decreased
(Table 3) as a result of 0.1 mg/disk application of secondarymetabolites
isolated from lichens Cladonia arbuscula var.mitis,Hypogymnia physodes
and Evernia prunastri.
The content of soluble proteins in photobiont cells statistically signif-
icantly decreased only as a result of 0.1 mg/disk application of second-
ary metabolites isolated from the lichen Evernia prunastri (Table 3).
Content of hydrogen peroxide in cultures of photobiont statistically
signiﬁcantly increased due to application of secondary metabolites iso-
lated from the lichen Hypogymnia physodes (both tested doses) and the
lichen Evernia prunastri (highest tested dose, Table 3). Only application
of lower tested dose of secondary metabolites isolated from the lichen
Evernia prunastri caused a statistically signiﬁcant increase of production
of superoxide radicals in photobiont cultures (Table 3).
Content of thiobarbituric acid reactive substances in cultures of
photobiont statistically signiﬁcantly increased due to application of ex-
tract of secondarymetabolites isolated from the lichen Evernia prunastri
(both tested doses) and the lichenHypogymnia physodes (highest tested
dose, Table 3).Table 3
Production of total carotenoids (mg/g dw), total carotenoids/chlorophyll ratio, chlorophyll aﬂuore
content of superoxide anion (μg/g dw) and TBARS content (nmol/g dw) of 2-week-old Treboux
(C—control, CM—Cladonia arbuscula var.mitis, CF—Cladonia furcata, HP—Hypogymnia physodes
SM SM (mg/disk) Tot. car. (mg/g dw) Car./Chl. FV/FM Sol. pr
C 0 0.61 ± 0.06ab 0.21 ± 0.01c 0.57 ± 0.07ab 23.1 ±
CM 0.1 0.44 ± 0.08b 0.23 ± 0.02b 0.35 ± 0.01c 29.1 ±
0.01 0.61 ± 0.18ab 0.17 ± 0.02c 0.46 ± 0.02b 28.2 ±
CF 0.1 0.63 ± 0.15ab 0.19 ± 0.01c 0.54 ± 0.07ab 26.3 ±
0.01 0.63 ± 0.02a 0.21 ± 0.01c 0.56 ± 0.05a 23.2 ±
HP 0.1 0.36 ± 0.06b 0.24 ± 0.01b 0.32 ± 0.08c 19.1 ±
0.01 0.49 ± 0.12ab 0.19 ± 0.02c 0.45 ± 0.02b 29.5 ±
EP 0.1 0.18 ± 0.03c 0.31 ± 0.02a 0.32 ± 0.02c 6.1 ±
0.01 0.47 ± 0.11b 0.17 ± 0.02c 0.46 ± 0.03b 26.9 ±
RF 0.1 0.45 ± 0.05b 0.21 ± 0.01bc 0.53 ± 0.03ab 30.7 ±
0.01 0.77 ± 0.14a 0.22 ± 0.02bc 0.56 ± 0.04a 26.5 ±
Values in each vertical column followed by the same letter do not differ signiﬁcantly at P b 0.04. Discussion
4.1. Secondary metabolites of lichens and their biological and ecological
roles
The most abundant secondary metabolite in Cladonia arbuscula var.
mitiswas usnic acid, which is in accordance with previously published
results (Bačkor et al., 2011). Usnic acid is dibenzofuran derivative. It is
a widespread cortical secondary metabolite in lichens with many pro-
posed ecological functions such as antibiotic, antiviral, antimycotic,
antiherbivoral, antiproliferative, anti-inﬂammatory, antipyretic, allelo-
pathic and UV protecting effects (Cocchietto et al., 2002). The main sec-
ondary metabolite in Cladonia furcata was fumarprotocetraric acid.
Fumarprotocetraric acid is a depsidone that is possibly involved in the
tolerance of some lichens to excess pollution (Hauck and Huneck,
2007a). The lichen Hypogymnia physodes produced ﬁve detectable sec-
ondary metabolites including atranorin, chloroatranorin, physodic
acid, physodalic acid and protocetraric acid. Previously published stud-
ies demonstrated that medullary depsidones in this lichen can function
as chelators of cations (Hauck and Huneck, 2007b). It is supposed that
physodalic and protocetraric acid are involved in heavy metal tolerance
and homeostasis in H. physodes (Bialonska and Dayan, 2005). In this
way they provide protection of photobiont cells from the toxic excess
of metal cations (Pawlik-Skowrońska and Bačkor, 2011). Cortical
didepside atranorin was conﬁrmed as being a secondary metabolite
with a strong phytotoxic effect on the Trebouxia erici cells (Bačkor
et al., 2013). In the lichen Evernia prunastri, the presence of four second-
ary metabolites was conﬁrmed: atranorin, chloratranorin, evernic acid
and usnic acid. Themost abundantmetabolitewas evernic acid. Extractsscence (FV/FM), soluble protein content (mg/g dw), hydrogenperoxide content (μmol/g dw),
ia cultures cultivated on disks with addition of lichen secondary metabolites (SM) extracts
, EP—Evernia prunastri, RF—Ramalina farinacea; 0.1 and 0.01 mg/disk).
ot. (mg/g dw) H2O2 (μmol/g dw) Superoxide (μg/g dw) TBARS (nmol/g dw)
2.28ab 2.89 ± 0.53d 4.36 ± 1.31b 24.3 ± 5.78c
6.45ab 4.48 ± 1.33 cd 7.09 ± 2.22ab 36.1 ± 5.23bc
2.68a 3.25 ± 0.64d 3.48 ± 1.79b 24.4 ± 2.62c
2.05ab 3.35 ± 0.74d 4.74 ± 0.57b 25.2 ± 4.09c
3.91ab 2.85 ± 0.41d 4.93 ± 1.31b 22.6 ± 1.45c
4.81b 13.5 ± 3.13b 5.41 ± 1.58b 45.1 ± 6.33b
4.58a 6.22 ± 1.28c 3.37 ± 1.76b 29.5 ± 3.61c
5.17c 20.6 ± 5.19a 3.81 ± 1.66b 94.5 ± 4.27a
3.21ab 5.13 ± 1.27 cd 11.7 ± 3.43a 41.5 ± 5.89b
4.69a 4.15 ± 0.91 cd 5.88 ± 1.92b 33.2 ± 4.08bc
4.71ab 3.92 ± 1.39 cd 5.79 ± 2.63b 25.6 ± 3.58c
5 by Tukey's pairwise comparisons, n = 3.
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to inhibit growth of the plant pathogenic fungi: Phytium ultimum,
Ustilago maydis and Phytophthora infestans. The usnic acid and evernic
acid had antifungal activities on P. ultimum and P. infestans (Halama
and Van Haluwin, 2004). Lichen Ramalina farinacea contained usnic
acid and protocetraric acid. Protocetraric acid showed antimicrobial ac-
tivity against Candida albicans and Candida glabrata (Tay et al., 2004).4.2. Mechanisms of allelopathic effects of secondary metabolites on
Trebouxia erici cells
Thepresence of usnic acid decreased growth of the lichenphotobiont
Trebouxia irregularis (Bačkor et al., 1998) and Trebouxia erici (Bačkor
et al., 2010). Lechowski et al. (2006) found, that addition of usnic acid
to Solanum lycopersicum hydroponic culture caused inhibition of
biomass production. Atranorin, as in usnic acid, decreased growth of
Trebouxia erici cultures; however, phytotoxicity of tridepside gyrophoric
acid and anthraquinone parietin on the photobiont cells was not ob-
served at the identical tested doses (Bačkor et al., 2013). It appears
that secondary metabolites of lichens from different chemical groups
differ in the degree in their phytotoxicity and this phenomenon
has been conﬁrmed in the present study. Although all tested metabo-
lites in this study displayed photobiont growth inhibition properties,
mixtures of secondary metabolites from the lichens Hypogymnia
physodes and Evernia prunastri, as well as usnic acid isolated from
Cladonia arbuscula var. mitis were more potent when compared to
fumarprotocetraric acid isolated from Cladonia furcata at identical test-
ed doses.
Phytotoxic effect of secondary metabolites may involve alteration
of assimilation pigment composition. Rapsch and Ascaso (1985) studied
the effect of evernic acid on the chloroplast structure of spinach
(Spinacia oleracea). Application of evernic acid decreased total chloro-
phyll content and chlorophyll a content as well as chlorophyll a to chlo-
rophyll b ratio. Bačkor et al. (2010) found that the assimilation pigments
(chlorophyll a, chlorophyll b and content of total carotenoids) in the
free-living alga Scenedesmus quadricauda were strongly decreased due
to the presence of usnic acid while sensitivity of Trebouxia erici cells
was signiﬁcantly lower. On the other hand, the assimilation pigments
of Trebouxia erici were sensitive to the presence of atranorin (Bačkor
et al., 2013), while the presence of gyrophoric acid and parietin did
not signiﬁcantly alter the assimilation pigments of this alga. Usnic acid
isolated from Cladonia arbuscula var.mitis, ormixtures of secondaryme-
tabolites isolated from the lichens Hypogymnia physodes, Evernia
prunastri and Ramalina farinacea effectively decreased chlorophyll a
and chlorophyll b content in Trebouxia erici photobiont on a dry weight
basis. Extracts from Evernia prunastri even signiﬁcantly decreased chlo-
rophyll a integrity and content of total carotenoids.
The potential quantum yield of electron transfer through photosys-
tem II (PS II) reﬂects photosynthetic efﬁciency. This parameter is usually
expressed by the FV/FM ratio, chlorophyll a ﬂuorescence. In lichens and
in aposymbiotically grown photobiont cultures, chlorophyll a ﬂuores-
cence typically ranges from 0.6 to 0.7 (Kappen et al., 1998). Endo et al.
(1998) noticed an inhibitory effect of lichen-derived depsides on chlo-
rophyll a ﬂuorescence in spinach leaves. It has been found previously
that usnic acid (Bačkor et al., 2010), as well as atranorin (Bačkor et al.,
2013) are secondary metabolites which signiﬁcantly decrease FV/FM ra-
tios in Trebouxia erici photobiont cells. However, the presence of two
secondary metabolites, namely gyrophoric acid and parietin, did not
alter FV/FM ratios in Trebouxia erici. Differential sensitivity of PS II of
Trebouxia erici to secondary metabolites of lichens was conﬁrmed also
in the present study.
Although a decrease of content of soluble proteins in lichens or their
aposymbiotically grown photobionts reﬂects a negative impact of xeno-
biotics (Bačkor et al., 2013; Monnet et al., 2006), it appears that the
presence of secondary metabolites of lichens, e.g. usnic acid (Bačkoret al., 2010), or atranorin, gyrophoric acid and parietin did not signiﬁ-
cantly change this parameter.
Caviglia et al. (2001) demonstrated that usnic acid in lichen Parmelia
soredians may act as an antioxidant, which detoxiﬁes reactive oxygen
species produced by the application of the herbicide Paraquat. However,
Han et al. (2004) demonstrated that usnic acid alonemay induce oxida-
tive stress in the cells. Bačkor et al. (2010) found that the application of
usnic acid signiﬁcantly increased hydrogen peroxide content in cultures
of the free-living alga Scenedesmus quadricauda, aswell as content of su-
peroxide radicals in cultures of Scenedesmus quadricauda and Trebouxia
erici. The presence of atranorin also signiﬁcantly increased hydrogen
peroxide content and content of superoxide radicals in cultures of
Trebouxia erici (Bačkor et al., 2013), while gyrophoric acid and parietin
had no signiﬁcant effects on production of ROS in photobiont cultures.
In thepresent study, a signiﬁcant increase of hydrogenperoxidewas ob-
served as a result of application of extracts from lichens Hypogymnia
physodes (both tested doses) and the highest tested doses of extracts
from Evernia prunastri. The content of superoxide radicals was sig-
niﬁcantly increased as a result of the highest tested doses of extracts
from Evernia prunastri. Reactive oxygen species degrade polyunsaturat-
ed lipids, forming malondialdehyde. MDA is considered as being the
main constituent of TBARS. Increased production of TBARS was ob-
served in cultures of Trebouxia erici grown on disks with extracts
from Hypogymnia physodes (highest tested dose) and both tested
doses of extracts from Evernia prunastri. Pavlović et al. (2012) observed
increased production of intracellular ROS in rat thymocytes as a result of
application of extracts from the lichen Hypogymnia physodes, namely
physodic and physodalic acids. Detected induction of oxidative stress
corresponded with decreased viability of rat thymocytes.
5. Conclusion
We conclude that secondary metabolites of lichens, as well as their
naturally occurring mixtures have phytotoxic, allelopathic effects on li-
chen photobionts. Application of all tested metabolites at the highest
tested dose of 0.1 mg/disk decreased the growth of photobiont cells.
However, based on selected physiological parameters, it appears that
the mechanisms of allelopathic action of secondary metabolites differ,
depending on their chemical properties with possible synergic effects
ofmixtures of compounds. It appears thatmost of the secondarymetab-
olites tested in the present study may be functioning in the lichen thal-
lus as allelochemicals. These potentially control the cell division of the
algal partner, inside the thallus.
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